1. An anticyclonic subthermocline eddy was documented by a mooring in the western equatorial Pacific 2. The subthermocline eddy significantly elevated the thermocline mixing through shear instability with Ri<1/4 3. The subthermocline eddy acted as dynamic barrier for the downward penetration of wind-driven near-inertial waves © 2019 American Geophysical Union. All rights reserved.
Introduction
The western equatorial Pacific (WEP) is a crossroad where water masses of different origins converge and exchange their properties (Fine et al., 1994) . Transformation of these different sourced waters strongly modulates thermocline properties and upper-layer heat content of the Pacific warm pool (Grenier et al., 2011; Hu et al., 2015; Meinen and McPhaden, 2000) , during which process turbulent mixing across density surfaces (i.e., diapycnal mixing) is believed to play a fundamental role (Koch-Larrouy et al., 2007; Li and Wang, 2012; Lukas et al., 1996) . A thorough understanding of the physics driving diapycnal mixing in the WEP is a prerequisite for improving parameterization of mixing processes, which is of vital importance for ocean models to precisely simulate the warm pool and its variability.
Conventionally, diapycnal mixing in the ocean interior is thought to be primarily associated with the breaking of internal gravity waves (e.g., MacKinnon et al., 2017) .
However, because the energy transfer rate due to internal wave-wave interactions is generally proportional to the local inertial frequency, internal wave breaking and thus the induced turbulent mixing are strongly suppressed at low latitudes (Henyey et al., 1986; Gregg et al., 2003; Liu et al., 2017) . Regardless of this fact, many observational studies in the eastern equatorial Pacific have demonstrated that the large sub-inertial velocity shears of the South Equatorial Current and the Equatorial Undercurrent (EUC) can also induce strong thermocline mixing, and the mixing intensity can be significantly modulated by Tropical Instability Waves on different timescales (e.g., Moum et al., 2009; Smyth et al., 2013; Liu et al., 2016 Liu et al., , 2018 .
Compared with the widely studied eastern equatorial Pacific, thermocline mixing-related observations were, however, relatively rare in the WEP.
Recently, by analyzing microstructure data collected at several transects in the WEP, Richards et al. (2012 Richards et al. ( , 2015 have suggested that thermocline mixing in the WEP was dominated by small-vertical-scale velocity structures (SVSs), which appeared to be subject to significant temporal variations.
Modeling study points to inertial instability as being a prime candidate for the SVSs and associated elevated diapycnal diffusivity, although on one occasion when the shear was weak double-diffusive processes were found to be important (Lee et al, 2014) . Due to the lack of long-term continuous high vertical resolution observations, nevertheless, the relative contributions of these mechanisms to the overall mixing remain unclear. The more recent microstructure measurements in the western boundary of the WEP suggest that thermocline mixing was generally weak with the diapycnal diffusivity  ~ O(10 -6 ) m 2 s -1 and elevated mixing was only found where geostrophic shear was significant . In addition, based on long-term ADCP (acoustic Doppler current profiler) measurements from several subsurface moorings, Zhang et al. (2018) pointed out that thermocline mixing in the WEP may be to a large degree associated with the strong sub-inertial velocity shear between the Equatorial Undercurrent (EUC) and Equatorial
Intermediate Current. As such, the driving mechanisms of thermocline mixing in the WEP remain elusive.
To this end, we report here on the first observation of enhanced occurrence of shear instability by a sub-thermocline eddy (STE) in the WEP. The STEs are a special type of oceanic eddies characterized by lens-like thermohaline structures beneath the main thermocline (McWilliams, 1985) . Although STEs have been observed in many regions of the world ocean (e.g., Pelland et al., 2013; Zhang et al., 2015; Lin et al., 2017) , to our best knowledge, no STE has ever been clearly documented in the WEP with concurrent velocity and hydrographic measurements.
Here, based on year-long ADCP and temperature/salinity chain data collected from a mooring deployed at (143°E, 4°N), we present observations of a warm-core STE with strong velocity below 200 m (Fig.1 ). Further analysis suggested that the strong velocity shear of STE greatly destabilized the flow by reducing the Richardson number (Ri) below 1/4, which increased the inferred diapycnal diffusivity around the thermocline by a factor of 4. The available data also allow an analysis of the influence of STE on the behaviors of wind-driven near-inertial waves (NIWs).
The Data
In order to investigate the characteristics, as well as interactions and energy cascades among the multi-scale ocean dynamical processes, the Northwestern Pacific Eddies, Internal waves and Mixing Experiment (NPEIM) was initiated in 2015-2016, during which 17 subsurface moorings were deployed along the 143°E transect between the Equator and 22°N (Zhang et al., 2018) . The field data analyzed here are from the mooring P3 at ~4°N (Fig.1a) deployed from January 2016 to February 2017. This mooring was equipped with two 75-kHz ADCPs (one looked upward and the other downward) at ~500 m to measure the upper-ocean velocity profile (above 1000 m) every half an hour. In addition to ADCPs, several CTDs and dozens of temperature loggers were mounted on the upper 1000 m of the mooring to observe the temperature (and also salinity from CTDs) every 5 minutes. The
ADCPs sampled with a bin size of 16 m, and the vertical resolution of temperature measurements ranged from 10 m at ~30 m to 40 m below ~500 m. The quality-controlled and vertically-interpolated hourly data with a uniform 10 m resolution were used for analysis in this study. Detailed mooring configurations and procedures of data processing can be found in Zhang et al. (2018) .
To help interpret the mooring observations, the 1/4° daily gridded altimeter sea level anomaly (SLA) and surface geostrophic velocity data (http://marine.copernicus.eu/) during the observation period were also used in this study. Additionally, the 1/4° 6-hourly ECMWF interim reanalysis wind data (http://apps.ecmwf.int/datasets/), the IPRC monthly Argo product (http://apdrc.soest.hawaii.edu/), and the Argo profiles around the mooring location (http://www.argo.ucsd.edu/) were also used.
Results

Characteristics of the STE
Figures 1b-d show the depth-time plots of the temperature, and zonal and meridional velocities observed at P3, respectively. To focus on the sub-inertial signals, both the temperature and velocities shown here have been 10-day low-pass filtered. From late November to late December 2016, a lens-like structure with nearly homogenous temperature was observed at ~200-300 m (Fig.1b) . The core of the lens (at ~250 m), which was roughly bounded by the 10 °C and 11 °C isotherms, was located just beneath the main thermocline (at ~150 m; Fig.2a ). During the lens period, the 10 °C isotherm was deepened by 70 m (from 230 to 300 m depth), while the 11 °C isotherm was only slightly raised (from 210 to 200 m).
Although the thickness of the nearly well-mixed lens was only 100 m, its dynamical influence in the vertical was much broader. Corresponding to the deepened isotherms associated with the lens, it showed a positive dynamical height anomaly (HA) between 160-700 m ( Supplementary Fig.S1 ). Near the surface, however, the HA displacement associated with the lens was quite small (<1cm) and therefore can hardly be detected by satellite altimeter given its limited measuring accuracy.
Accompanying the lens-like thermal structure, there existed strong sub-inertial currents below the thermocline ( and negative values occurred at the front and rear peripheries of the lens-like thermal structure, respectively. If assuming that the lens generally propagated westward due to the planetary β effect (e.g., Collins et al., 2013) , this mooring-observed meridional velocity variation would indicate an anticyclonic circulation pattern surrounding the lens. These thermal and velocity characteristics demonstrated that the lens-like structure corresponded to a STE. In contrast to the meridional velocity, the zonal velocity remained positive throughout the "STE" period. This may suggest that it was the northern part of the anticyclonic STE that had been documented by the mooring.
In addition to the mooring P3, the same STE was also synchronously captured by the mooring P2 at (143°E, 2°N). Compared to the observed features at P3, the STE at P2
showed smaller lens thickness and westward-dominant velocity (not shown). This suggests that it was the southern margin of the STE that crossed the P2 and therefore indicates that the Given the fact that the STE has a radius smaller than the first baroclinic deformation radius (~250 km according to Chelton et al., 1998) and that its  is non-negligible compared to planetary vorticity, the STE documented here should be in the category of submesoscale coherent vortices (McWilliams, 1985; Zhang et al., 2015) .
Elevated Diapycnal Mixing by the STE
In Figures 2a-b we show the hourly squared buoyancy frequency (
and velocity shear variance (
) at P3, respectively. In these formulas, g is the acceleration due to gravity,  the density,
is a reference density, and u and v denote the zonal and meridional velocities, respectively. Because salinity measurements on the mooring were too coarse, the IPRC monthly Argo salinity data were used here in the density computations (Zhang et al., 2018) . Corresponding to the lens-like isotherm distributions, the stratification within and surrounding the STE was greatly reduced (Fig.2a) . At the depth of 200-300 m, the time-mean N 2 during the "STE" period (Nov/20-Dec/20) was only 45%-70% of that during the "no-STE" period (Oct/01-Feb/10 excluding the "STE" period; Supplementary Fig.S2a ). Because of the convex isotherms near the upper boundary of the STE, N 2 was enhanced between 120-180 m (increased by 30% at 150 m). Besides the notable variation of N 2 , the observed S 2 was also prominently enhanced during the "STE" period, especially around the upper and lateral peripheries of the STE (Fig.2b) . The ratio of the time-mean S 2 between the "STE" and "no-STE" periods shows two peaks, being 3.2 and 2.8, and located at 110 m and 220 m, respectively ( Fig.2c ; Supplementary Fig.S2b ).
Corresponding to the strong velocity shear mentioned above, the Richardson number (Ri = N 2 /S 2 ), a metric of shear instability, was greatly reduced during the "STE" period ( Fig.2d) .
At the depths of the STE, a large portion of Ri values became below 1/4, suggesting that strong shear instabilities and therefore enhanced turbulent mixing may have occurred there (e.g., Thorpe, 2005) . In contrast, Ri remained relatively high near the upper thermocline (at 100-200 m) due to the strong stratification, although S 2 was also enhanced there. To further evaluate the diapycnal mixing associated with the STE, we estimated the diapycnal diffusivity ( ρ K ) from the Ri-based parameterization devised by Liu et al. (2017) : , nearly four times larger than that outside of the STE (Fig.2f) .
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To explore the mechanism of the increased S 2 during the "STE" period, we further decomposed the velocity shear into the sub-inertial, near-inertial, diurnal, and semi-diurnal components, respectively, which are thought as four main contributors of the finescale velocity shear in the ocean interior (MacKinnon et al., 2017) . Because the sub-inertial and near-inertial S 2 were much larger than that at diurnal and semi-diurnal frequencies during the "STE" period, only the former two components were analyzed in detail (Fig.3) . The cross term of sub-inertial and near-inertial shears was found to be substantially smaller during the "STE" period and is therefore omitted in our further analysis. The sub-inertial (near-inertial) velocity used to calculate the corresponding shear was obtained through a fourth-order Butterworth low-pass (band-pass) filter with a cutoff frequency of 0.75f (0.75f-1.25f), where f is the local inertial frequency. Corresponding to the strong sub-inertial velocity of the STE, the sub-inertial S 2 below 180 m (to over 450 m) was greatly enhanced during the "STE" period, with the time-mean magnitudes being 4-20 times of the background value (Fig.3b) .
The maximum increase of sub-inertial S 2 (20 fold) occurred at 220 m, coinciding with the depth of the sub-thermocline ρ K (and Ri -1 ) peak. Above the 180 m, however, the sub-inertial S 2 was not significantly different from the background value. With regard to the near-inertial S 2 , it displayed an overall opposite vertical distribution with the sub-inertial S 2 during the "STE" period. Specifically, the near-inertial S 2 was increased by a factor of 2-10 above the STE's upper periphery but decreased by 30-70% below that. The maximum increase was located around 110 m, in agreement with the first peak of the S 2 ratio between the "STE" and "no-STE" periods ( Supplementary Fig.S2b ).
To summarize, it is evident from Figures 2-3 that the STE significantly elevated © 2019 American Geophysical Union. All rights reserved.
thermocline mixing in the WEP through shear instability of the eddy-induced currents. The
Ri was greatly reduced (to below 1/4) as a combination of enhanced sub-inertial S 2 and weakened N 2 . During the "STE" period, the near-surface-layer S 2 was also increased due to the coincident energetic NIWs possibly forced by strong winds at that time ( Supplementary   Fig.S3 ; Dohan and Davis, 2011) . However, the strong near-inertial shears could not penetrate downward into the STE and they seemed to moderately elevate the mixing at the upper thermocline (Figs. 2e-f ).
Impact of the STE on Near-Inertial Waves
Previous studies have suggested that surface-intensified anticyclonic eddies (AEs) with negative vorticity (  ) can trap wind-generated NIWs and promote their downward propagations by reducing the effective inertial frequency, i.e., 2 /    f f eff (Kunze, 1985; Lee and Niiler, 1998; Zhang et al., 2018) . Contrary to surface-intensified AEs, nevertheless, the anticyclonic STE documented here does not appear to have facilitated downward propagation of the wind-driven NIWs. In fact, during the "STE" period, both the near-inertial energy and S 2 were found to be prominently weakened below 200 m. Instead, those in 100-150 m were strengthened in this period ( Fig.3c-d, Supplementary Fig.S3b ).
Here we offer two possible explanations for this seemingly peculiar phenomenon.
First of all, the strong sub-inertial velocity shear of the STE may have caused reflections of the downward-propagating NIWs (Byun et al., 2010) . To elaborate this point, we decomposed the near-inertial velocity into clockwise and counter-clockwise rotating components (whose energy propagates downward and upward, respectively) using the rotary decomposition (MacKinnon et al., 2013) . Indeed, we found that following the strong wind-forced downward-going NIWs, an episode with enhanced upward-going energy occurred during and shortly after the "STE" event (Figs. 4c-d) . According to the linear internal wave theory (see the dispersion relation in Eq. 1), the vertical group velocity Cg z of a NIW (Eq. 2) can reverse its direction when the non-dimensional parameter
 exceeds unity (Byun et al., 2010) .
where  is the wave frequency, U (V) is background zonal (meridional) velocity, x k , y k and z k are the zonal, meridional and vertical wavenumbers, respectively, and Secondly, according to the dispersion relation of NIWs (Eq. 1), the variations of eff f and N 2 can significantly modulate z k of NIWs and hence the near-inertial S 2 (Kunze, 1985) . (Munk, 1981) .
Summary and Discussion
Based on in situ velocity and temperature data collected from a mooring at (143°E, 4°N),
we have for the first time reported that the occurrence of shear instability was enhanced by an anticyclonic STE in the WEP due to eddy-induced strong sub-inertial currents. Moreover, we have shown that, although the STE had negative  , it did not act as an "inertial chimney" for NIWs like surface-intensified AEs because of its greatly weakened vorticity toward the surface (e.g., Kunze, 1985; Zhang et al., 2018) . Instead, near-inertial energy and S 2 were greatly reduced within the STE presumably due to NIW reflection and wavelength stretching. As the STE had hindered downward propagation of wind-driven NIWs, near-inertial energy converged near the upper thermocline, which might have further energized turbulent mixing therein. We acknowledge that the diapycnal diffusivity ρ K analyzed in this study was estimated from velocity and hydrographic measurements using an empirical parameterization rather than directly from in situ microstructure data. This, nevertheless, should not affect our main conclusion, since it is qualitative property of ρ K (i.e., elevation by the STE) rather than its precise value that is emphasized here.
By examining all synchronous Argo profiles in the vicinity of the moorings, we found (2015), we can roughly trace the origin of the STE based on its core density and salinity and found that the STE probably originated from the coastal region of New Guinea (Supplementary Fig.S4c ). Considering that the STE's origin region is impacted by the New Guinea Coastal Undercurrent (NGCU) and its vertical level is close to the core of NGCU Davis et al., 2012) , generation mechanism of this STE may be associated with NGUC-topography interaction in a similar manner to that proposed for the California Undercurrent Eddies (Molemaker et al., 2015) .
Based on the estimated ρ K and the Osborn relation ( ) by the estimated  gives rise to a time scale of ~320 days, which agrees with the previously-reported lifespan of STE in the order of magnitude (McWilliams, 1985) . This suggests that the self-induced sub-inertial shear instability reported in this study may provide an important route for the © 2019 American Geophysical Union. All rights reserved. dissipation of STE when the external forcings are generally weak beneath the thermocline.
Previous observational and modeling studies have suggested that STEs may be a common phenomenon that frequently occurs in the WEP (Chiang and Qu, 2013; Wang et al., 2014; Chiang et al., 2015) . Given that the STEs can effectively enhance turbulent mixing and that breaking of internal waves at low latitudes is suppressed, the frequently-occurring STEs may provide an important route to energizing thermocline mixing in the WEP. The role of STE-induced mixing in the WEP upper-layer heat budget needs to be evaluated in future with more specifically designed observations. 
